The development of life support artificial environments for crews and plants for long duration space flights is a challenge today. The concept of bio-regenerative life support system (BLSS) imitates a simplified natural environment. Experimental or theoretical modeling of BLSS requires a thorough understanding of natural activities from micro to macro scales, like with plant culture for food production, or CO 2 /O 2 conversion … Moreover, life support in space relies on both the amount of food and atmospheric O 2 produced by plants in a confined space. It is well known that, the enhancement of the gas exchange with leaves and the growth of plants are dependent on the organoleptic and the surrounding thermo-physical factors. Insufficient air movement around plants and/or condensation on plant leaves generally limit their growth by decreasing photosynthetic and transpiration rates. Thus, the optimization of a BLSS will require controlling the airflow and coupled gas/liquid transfer at the plant surfaces. Hence, we have developed an experimental setup at 1-g to study the hydrodynamics and the condensation mass flux on specific geometries in controlled environmental conditions. An air-conditioned closed circuit wind tunnel was used to generate a flow of controlled temperature, hygrometry and hydrodynamics. Condensation of humid air on a small size horizontal flat plate was investigated. The temperature of the active surface is controlled and maintained below the dewpoint to induce condensation. The experiments were performed at ambient temperature, with a relative humidity between 35-70% and for a velocity range of 1.0-3.0 m.s -1 . The results lead to the evaluation of the local mass transfer coefficients in various conditions. The goal of this study is to develop a theoretical model to predict condensation mass flux at interfaces to be used in a CFD approach related to a closed environment for space applications: planetary flights, lunar-Mars bases.
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I. Introduction
HE development of Earth like environment inside a closed-system for the progress of plant-based bioregenerative life support technologies is a challenge today. This is a requirement for long-duration exploratory manned missions to fulfil the needs of a crew including nutritional demand, atmosphere regeneration, and psychological support 1, 2 . One of the key elements for BLSS are plants [3] [4] [5] , as they regenerate ambient air by photosynthesis, help water recovery by transpiration, supply fresh food or nutritional needs for crews and can be used for the recycling of wastes. A maximum of biological materials could be reused for plant cultivation after involving various effective waste processing techniques [6] [7] [8] . The importance of recycling within the spacecraft, with crews consuming the products of autotrophic synthesis, needs recycling of materials, requires exchanges between photoautotrophic organisms, which synthesize organic substances using solar or artificial light, and heterotrophic organisms. Hence, growing plants is a vital component and its performance in BLSS for space missions will be principally dependent on the progress of plant cultivation technology for space and the achievement of associated equipment. The growth of higher plants in a green house is optimized by the environmental conditions among which the effect of ventilation, condensation and evaporation phenomena on the surfaces of leaves, plants, windows (reduces sun radiation), and walls. Moreover, condensation on walls or human skin has to be controlled as well as the ambient air for optimized living conditions within the spacecraft, even if the humidity level is not as high as in a greenhouse and to prevent mould, rot or rust. Furthermore, forced convection is known to be a good solution to prevent condensation while maintaining optimized conditions for life. Hence, the optimization of BLSS requires a global coupled hydrodynamics, heat and mass transfer modelling that could simulate precisely the atmosphere in spatial greenhouses, or in manned capsule. Further, the coupling with microbiological development models 9 will help for the protection of the crew from nosocomial infections, the optimization of the microclimate prevailing in a space greenhouse and a better control of higher plant growth.
In BLSS, the plant culture will play an important role in food production, CO 2 /O 2 conversion, and water purification. Life support for crews in space is dependent on both the amount of food and atmospheric O 2 produced by plants in a limited space. In a closed chamber the enhancement of the gas exchange with leaves and growth of plants would be dependent on several factors, including control of air current. Insufficient air movement around plants generally limits their growth by reducing the gas diffusion in the leaf boundary-layer thereby decreasing photosynthetic and transpiration rates [10] [11] . Airflow affects plant growth through energy and mass transfer, latent heat exchanged through the processes of water evaporation (transpiration) and condensation onto plant surfaces is also directly affected by air movement Thus, the air flowing over the surface of living objects, plants or humans affects their growth and/or behaviour. Most of their activities require a thorough understanding of the local atmospheric conditions. The agricultural process depends on temperature, sunshine, absence or presence of clouds, air velocity, and on the amount of water available in the local atmosphere. The net photosynthetic rate of the plant canopy increases with increasing air velocities inside plant canopies 12 . Numerical simulation or theoretical models could give insights into the dynamics of transport phenomena and assist in the design of an optimized and reliable air-conditioning system and particularly as it could help the simulation of reduced gravity conditions. However, a precise mathematical model requires the knowledge of the T local mass transfer coefficients (for condensation or evaporation) for specific configurations, and a validated turbulent model. Such data can only be given by experimental works or by literature. The primary goal of this study was to develop an experimental setup to measure heterogeneous mass flux on a horizontal surface of small size in a well controlled air-conditioned system. The final goal was to estimate the local mass transfer coefficients on such a basic configuration.
We discuss herein the experimental setup developed at 1-g to study the coupling between the condensation mass flux and the hydrodynamics on a horizontal flat plate of in a climatic wind tunnel environment in which transport phenomena are well controlled. We have already performed a few condensation experiments in an open environment and studied, in the wind tunnel, the velocity profiles on the surface of vertical and horizontal flat plates in dry conditions 13, 14 . This current paper presents the results obtained, in the wind tunnel, for the condensation of humid air in various conditions when the mean flow velocity varies between 1 m.s -1 and 3 m.s -1
.
II. Experimental Material and Methods

A. Global experiment
To generate and control a flux of condensation of wet air on the surface of a flat plate, we have developed a system based on a controlled thermoelectric cooler. The temperature of the plate was kept constant in order to induce a stable flux of condensation on the active plate/air interface and the condensate mass was monitored by continuous precise weighing. The overall device was placed in a vein which hydrodynamics, temperature and humidity fields were controlled 15 . The wind tunnel facility is a closed loop, sealed and highly insulated that generates runoff from nearly laminar to highly turbulent regimes. The characterization of the flow, average speed and fluctuations was performed by hot wire anemometry. Fig. 1 gives a photograph of the test chamber and the active condensation unit with water condensate on it.
B. Preparation of condensation unit
The condensation unit was prepared after extensive experiments for the definition of the geometrical and thermophysical parameters of the condensing unit: size, thickness of the plate, selection of metal substrate and heat sink, temperature distribution at the air/solid interface (ceramic surface of the Peltier element or aluminium plate above it), with the aim of generating a thermal distribution of the air/substrate interface as homogeneous as possible (it corresponds to the active side of the plate for condensation) 14, 16 . The condensing unit consists of a square plate (2) of aluminium bonded to a thermoelectric (Peltier) module (3) of the same size (5 cm x 5 cm), as seen on Fig. 2.b ; the other face of the module is bonded to a heat sink (4) for the temperature of this side to be kept close to the ambient temperature (T a , reference temperature). The temperature of the active surface (T s ) is controlled by the thermoelectric element which is regulated by means of a thermistor (1) inserted into the small plate and a controller (7) which adjusts the electric current supplied to the thermoelectric module ( Fig. 2.a) .
The condensation unit is set horizontally (active horizontal plate) at the centre of the test chamber (upper part of Fig. 2 ). It is maintained in the measuring chamber by a shaft (5) fixed itself at the balance pan (8) , located under the test chamber. Two horizontal parallel plates connected by four screws are placed on the balance; in between these two plates the temperature regulation controller (7) is placed. The wire of the Peltier module and the one of the thermistor inserted in the active plate (1) walk along the axis and are connected to the temperature controller. The balance is put on a mobile platform, a trolley (9) which makes it possible to slide the whole system on a rail (10) parallel to the direction of the flow. This device allows a continuous signal acquisition recorded by a precision balance (Mettler 30, precision of ± 0.1 g), for monitoring the increase in weight as the humid air will condense on the active surface. A ring made of sponge is added around the upper part of the sealant of the Peltier module in order to collect the drops that are produced on the vertical side of the plate (can be seen in Fig. 7 ). Otherwise the drops would flow down by gravity and eventually fall on the heat sink or the lower surface of the test cell and then evaporate as these surfaces are warmer. As a result part of the produced condensate would disappear. However, such an absorption ring has an obvious influence on the flow that develops over the plate and thereby on the condensation conditions.
Hence, on the cold side a temperature difference T s = T d -T s between the active surface (T s ) and the dew point (T d ) can be created and induce condensation 16 , see Fig. 3 . During the experiments the controller temperature (T c ) is imposed and thus, the thermal contrast T c = T d -T c with the dew point, whereas T s is induced and not known precisely. Aluminium was chosen for the plate for its high thermal conductivity in order to make the active surface to be as isothermal as possible and for its corrosion properties. It is noteworthy that the size of the aluminium plate should be small enough for the active surface to be considered thermally homogeneous and large enough for the amount of condensate to be weighed accurately on the electronic balance 14 .
For the measurement procedure, the control of a steady flux of condensed vapour, with the objective of operating in a steady state regime, requires a constant temperature gradient between the dew point and the temperature of the upper surface of the plate.
The experiments conducted for the investigation of the homogeneity of the temperature profile of the upper air/substrate interface in dry conditions (above dew point) showed that the minimum variation of temperature, over the whole surface, was 0.6°C and the maximum was 2.4°C with a same size plate on the Peltier module (depending on thermal gradients imposed, flow nature, plate thickness). The maximum went up to 3.5°C without a plate (measured directly on the ceramic of the thermoelectric module) as in Fig. 4 .b. A slightly higher temperature difference imposed in a configuration with the 3 mm plate depicts a 1.4°C surface difference only. It was experienced here that the increased mass helps in reducing the thermal in-homogeneity on the surface of the plates. Moreover, local temperature measurements of points spread all over the surface indicated similar behaviours in time when the thermal constraints varied (T c and/or T d ). The area of the plate also plays a role; an increase helped us to produce more condensate without significantly affecting the in-homogeneity, as only minor changes were seen. It was also observed that adjusting the size of the plate to the one of the Peltier element helped in reducing the in-homogeneity of the surface of the plate. The hot wire sensors available were calibrated at room temperature for velocity measurements, and the mean flow velocities chosen ranged between 1.0 ms -1 to 3.0 ms -1 with an accuracy of 1-3%. Therefore the sample frequency of the fan for the generation of the flow inside the wind tunnel was chosen from 5 Hz to 40 Hz. A three dimensional traversing system was used for the localization of the hot wire probe for data acquisition and the average velocity fluctuations was ensured using a computer connected to the system.
C. Mass condensate measurement method
The condensing unit including the temperature controller and all accessories were placed on the balance before condensation started. The weight of the condensing unit with all the supporting devices (such as stand, wires, heat sink, and all screws to tighten up the stand, shown in the schematic Fig. 2 ) was approximately 7.2 kg, and with the addition of the temperature controller the balance indicated a weight of approximately 11.8 kg before the vein fan was turned on. It was proven during calibration process that the air flowing intensity had no influence on the weighing process once stability was reached. The least count of the balance was 0.1 g with a maximum balance limit of 30 kg. As it is seen in Fig. 2 .b the front face of the condensing unit was 7.5 cm wide and 6.7 cm high (or thickness); such sizes are very significant and strongly affect the shear zone that develops above and around the test plate as the flow over the plate should be more or less similar to a flow over a blunt-faced plate. In this way, the flow of air was used to cool down the fins of the heat sink and to dissipate the heat produced by the thermoelectric elements.
The controller temperature (T c ) was chosen relatively to the dew point temperature. The value of T c = T d -T c was selected such that, a sufficient amount of condensate could be produced at the end of the experiment. In fact condensation occurs when T s ≥ 0, but the thermal gradient within the condensation interface and the temperature T c measured just below the top of the upper surface of the plate need to be counted for, even though it is not known. Once the process of condensation had started it was continued regularly till the end of the experiment without apparent interruption. The electronic balance showed an increase in weight, and this evolution was recorded in two different ways: (i) every 30 minutes, (ii) the time was recorded every 0.1 g mass increase (upon stability). An example of mass growth acquisition versus time according to (i) method is presented on Fig. 5 ; the other key environmental parameters are presented: the ambient temperature (T a -10°C plotted), the dew point and the temperature constraint (T c ). This experiment gives a gradient of linear square data fit of 0.42 g.h -1 . The experimental conditions were not constant during the whole time, as one can observe from Fig. 5 that the ambient temperature was quasi-constant but the dew point increased due to an increase in the relative humidity of the daily atmosphere. The increasing tendency in the dew point only lasted 4 h, and then became constant. This variation in a key environmental parameter affected the rate of condensation for that particular time. Similar plots were drawn for each experiment with linear least square data fits to deduce the gradient of mass with respect to time.
III. Results and Discussions
We focus in this paper on condensation experiments carried out in a wind tunnel of controlled psychometric parameters (± 0.1°C) such as relative humidity, ambient temperature and dew point. The purpose was to validate the setup in a controlled environment (particularly precise weight acquisition) and finally the evaluation of the local mass transfer coefficients. Preliminary investigations in a room with no air-conditioning system, i.e. where the ambient environment changed according to the external weather conditions, have already been performed 15 . The goal was first to characterize each element of the design, to select the substrate (material, size, thickness, and preparation), heat sink (material, size, and suitability for use in the wind tunnel), and to calibrate the measurements of all the various sensors and second to validate that specific experimental concept for the evaluation of mass transfer coefficients.
A. Amount of condensate versus time
More than 70 condensation experiments were performed on the horizontal plate at ambient temperature. Various condensation conditions (RH varied from 35% to 65%) were simulated at room temperature (around 20°C); the mean flow velocity ranged from 1 to 3 ms Fig. 6 shows how the amount of collected condensate is significantly affected by a variation in different environmental parameters. The plots show the amount of condensate versus time for several average temperature differences T c . The trends are slightly affected by the hygrometric conditions, which are not fully stable. However, both Fig. 6.a and 6 .b indicate that on increasing the temperature difference, the average rate of collection of condensate also increases accordingly. Consequently, the main trend reflects the sensitivity of the slope and, thus, of the mass flux to the temperature difference as expected. As an example, on the day of CEI-1, the dew point increased for almost 3 h and T c went up to 5.7 °C, then stabilized for 1 hour, and finally decreased down to 4.6 °C. After more than 7 h, 2.3 g of condensate were collected on the plate, with an average T c value of 5.3 °C, and an average fluctuation of 0.6 °C. The other plots could be detailed the same way. All condensation rates reflect roughly linear global growths with time, whose slope increases with T c , as it generates the driving force through the partial pressure gradient.
From all those plots we can deduce an average speed of condensation. These values are further used to deduce the mass flux on the plate.
B. Condensation patterns
Drop wise condensation occurred every time and it was visible (very small drops in size) after a few minutes of condensation conditions. Eye observations showed that inhomogeneous distributions of drops were observed spatially and also in size. The initial growth of drops and the coalescence process were found to be as described by Beysens 17 , in which the bigger drops attract the smaller ones that have grown in their vicinity and thus, sweep off the metal surface around which allows for the condensation process to continue with the nucleation of tiny drops, etc. It results in the appearance of very different sized drops on the surface.
The surface of the aluminium metal flat plate was not well polished and only mechanical filing was done on the edges, and then just cleaned with ethyl alcohol by wiping out the substrate before starting each experiment. The hand filing of the substrate probably caused the drops to grow first on the edges all around the plate, as seen in Fig.  7 . That experiment considered a mean velocity of 1 m.s -1 and it was a good representation of the various observations with very scattered drop configurations. The nature of the flow had probably a major effect on those patterns, and then on the heat-mass transfer at the surface of the plate, which shows that a perfect understanding of the global phenomena would require an accurate description of the 3D flow field above the plate, but it was not our initial purpose. It is also worth noting that the shape of the condensate is strongly influenced by the physico-chemical properties of the aluminium plate (contact angle, etc.).
C. Surface temperature estimation
The calculation of the condensation mass flux involves the partial pressure gradient at the liquid/air or metal/air interface where condensation proceeds, the area of the interface and the correlated mass transfer coefficient. As usual in chemical engineering, the area is not known and the goal is to determine the k L .A coefficient. The partial pressure of the air is deduced from the ambient temperature and the relative humidity, whereas neither the pressure nor the temperatures are known. Moreover, the only accurate data available is T c which is the temperature measured by contact with the thermistor inserted 1 mm below the metal/air surface. Modelling could have given some insights into the thermal gradient in the plate thickness and on its surface, and within the volumes (drops, masses) of condensate. But a precise CFD simulation would need to deal with a 3D transient problem that involves change of phase (mass flux again and moving interface tracking for the condensation front), and turbulent flow modelling.
Consequently, the knowledge of the surface temperature T s of the active condensing plate became an important task for the estimation of the mass transfer coefficient relative to condensation of humid air, in addition to the mean values of the controller temperature T c and of the ambient temperature T a . Moreover, the temperature set on the controller proved to be slightly smaller than just above at the interface with the air, and that there was some discrepancy in the surface temperature T s over the flat plate area (about 1 °C) in dry air, which means that such an in-homogeneity was probably reinforced by the heterogeneous mass transfer that developed on the plate. The use of a surface sensor was not convincing because of the presence of forced convection 16 . This complexity encouraged us to try a few rules to estimate the surface temperature, keeping in mind that T c ≤ T s ≤ T a . For the positive speed of condensation on the active plate, T s = T d -T s should be positive, we have tested:
T s calculated by equation (1), led sometimes to negative temperature differences (T s ), whereas a positive rate of condensation was observed in the experiments. Eq. (2) induced a similar effect in a few experiments. That effect was not reached with eq. (3), the estimated T s resulted in positive T s for every experiment with a positive speed of condensation.
Incropera and DeWitt 18 suggested, for the evaluation of all the liquid properties in the Nusselt analysis (vertical film wise condensation), to consider the film temperature as T f = (T sat + T s )/2, where T sat is the saturation temperature and T s is the surface temperature. On using this rule with T sat = T d and T s = T c , we have calculated the surface temperature as T s = (T d + T c )/2, and found that this value is approximately (1.0 °C) equal to the one calculated with eq. (3).
In heat transfer problems and for the evaluation of the Nusselt number in vertical configurations, Minkowycz and Sparrow 19 proposed the use of a reference temperature defined by
. The authors also reported that for the estimation of heat transfer coefficient the Nusselt model gave a good agreement with their results taking into account variable physical properties evaluated with that reference temperature.
We have also considered two "limit" cases to calculate T s Figure 7 . Photographs of the flat plate covered with condensation at different instants of an experiment.
Indeed, eq. (4) gives an approximate of the minimum possible surface temperature according to our surface temperature investigation in dry air, and eq. (5) Finally we used eq. (3) to estimate the surface temperature T s , and thus, we could deduce the mass flux on the plate by considering the area of the plate (5 cm x 5 cm) as the mass transfer exchange surface.
The dependence of the mass flux as a function of the average temperature difference T s is depicted on Fig. 8 .a, and as a function of the mean difference in partial pressure (p = p sat -p s , between the saturated vapour partial pressure of the man flow and the partial pressure at T s ) in Fig. 8.b . Each experimental point corresponds to a 6-8 h experiment. The experimental value results from the algebraic average over the whole experiment duration of the data points evaluated at each time of measurement; the "slope" corresponds to the gradient of the curves plotted for the increase in weight with time for each experiment 15 (see section II.C and Fig. 5 ). The improperly called "theory" data correspond to the arithmetic mean of points calculated using the environmental data recorded at the time of the experiment and by assuming a heat/mass analogy for the mass flux evaluation of a simple 1D stationary model: the heat flux is the one that would be calculated for a flat horizontal plate covered by a film of condensate when a laminar boundary layer flow develops on top 16 . The theoretical data show the best fits, particularly in Fig. 8.b (p) . The data are more scattered in Fig. 8 .a (T s ), particularly for the calculated ones, which seems to indicate that the difference in partial pressure is a better indicator than the difference in temperature for the estimation of the mass flux for the current configurations. Indeed the driving force for condensation mass transfer (controlled by the diffusion of water vapour towards the condensation interface) is better modelled by partial pressure differences than temperature differences solely (no interaction with the relative humidity which is a key factor, as minor deviation in RH level (5% is enough) during an experiment influence significantly the condensation rate; such an effect cannot be counted for when only T s are considered. As a matter of fact, a long variation in RH would act as a spurious mode, as the global problem is multi-parametric and the bi-dimensional plots given herein can only deal with 1 to 3 parameters only.
For the experimental data, variations in the experimental conditions can justify most of the scattering in data. The global experimental setup did not allow us to be more precise and to conduct experiments at a specific ambient temperature coupled with a specific relative humidity over 7 hours as, even sealed and insulated, the air in the closed loop was slightly affected by outside environmental conditions after a few hours.
E. Influence of the mean entrance velocity
An increase in the air flow intensity to 1. 5 m.s -1 and further to 2.5 m.s -1 is described in Fig. 9 . The mass flux variations show trends more or less similar between the experimental data and the modelled ones. In both cases, but it is noticeable with fewer data, the scattering is much reduced for partial pressure difference and temperature difference as well. The theoretical data in Fig. 9 .b reflect 100% linearity in the mass flux versus the partial pressure difference plot shows, and 95-96% for the experimental ones. The gradient of mass flux with partial pressure difference keeps increasing and amounts to 1.29×10 -4 in the experiments and 1.52×10 -4 for the model (18% more) at 1.5 m.s -1 . That increase gets higher for 2.5 m.s -1 , as it reaches 1.46×10 -4 and 1.98×10 -4 with the model (almost 36% more). When increasing the flow intensity further, similar results were found; the gradient of mass flux with temperature difference is always lower than with partial pressure difference, also the theoretical values are always higher than the experimental ones.
In addition, we found that, for the studied 1-3 m.s -1 velocity range, the regression coefficients of the mass flux with partial pressure difference reached nearly 100% fit for the model, and slightly less for the experiments. In opposition, the regression coefficients for the temperature difference plots were most of the time higher for the experimental data than for the theoretical ones. For 1.0 m/s (Fig. 8 ) many more data were available, but these data covered more variations in physical environmental conditions: (T c ) was in the range 3.4°C -9.8 °C, while the relative humidity was in 43-63 % for a total of 24 data points. For 1.5 m/s, T c was in 3.3 °C -8.2 °C and RH in 38-48%, with a total of 9 data points only.
On increasing the mean entrance velocity inside the wind tunnel, the mass flux has a tendency to increase but not according to a linear variation. The histogram shown in Fig. 10 .a corresponds to the variation of the mass flux (N A ) with respect to the mean partial pressure difference as a function of the mean entrance velocity for the experimental data and in Fig. 10b for the calculated data. On those plots one can read the mass transfer coefficients we investigated for condensation over a horizontal plate. The imposed temperature difference, T c , in the experiments were chosen in the range 1.2 °C to 4.1 °C, which was quite low in comparison to the regulated environment of the wind tunnel. Fig. 10 .a (experimental data) shows a mass flux coefficient for 2.0 m/s with a higher value in comparison to the other entrance velocities. It was caused by the higher temperature differences chosen during these specific condensation experiments and dome of their duration, the physical environmental parameters have recorded large variations for this selected velocity. Fig. 10 establish clearly the raise in the mass transfer coefficients on increasing the velocity inside the wind tunnel, that result was expected as on raising the mean entrance velocity the condensation surface faces stronger convective flows and thus, the diffusion layer that develops above the condensation interface should be getting thinner and ease the diffusion of water vapour molecules. Nevertheless, during these measurements the range of the average physical parameters was not the same. 
IV. Conclusion
The modeling of a closed ecological life support system for space flights or space bases requires apprehending precisely the air flow conditions (quality, hydrodynamics, heat transfer, humidity transfer, CO 2 concentration, O 2 concentration, etc.) for the optimization of the system and for the improvement of the living conditions, of maintenance and particularly of the gas/liquid transfer exchanges at interfaces. Such a complex modeling is based on local mass transfer coefficients. We have developed an experimental setup and protocol to measure such coefficients for specific geometries in a well controlled environment (climatic wind tunnel) on Earth. The use of thermoelectricity to produce a homogeneous surface temperature coupled with a precise weighing for the condensation of humid air on a small size substrate proved to be efficient for the evaluation of local mass transfer coefficients. This study focused on the characterization of condensation on a flat horizontal plate of small size in a low Re number turbulent flow, which corresponds to configurations that can be encountered in a spatial greenhouse or a manned capsule. The variation of the mean flow velocity inside the wind tunnel showed an expected significant effect on the mass transfer coefficients. Further investigation will try to better understand the flow regime and the coupling with the obtained condensation patterns in order to deepen the characterization of the particular condensation phenomenon. 
